In our study, we characterized the effect of monensin, an ionophore that is known to raise the intracellular pH, on the hepatitis C virus (HCV) life cycle. We showed that monensin inhibits HCV entry in a pangenotypic and dose-dependent manner. Monensin induces an alkalization of intracellular organelles, leading to an inhibition of the fusion step between viral and cellular membranes. Interestingly, we demonstrated that HCV cell-to-cell transmission is dependent on the vesicular pH. Using the selective pressure of monensin, we selected a monensin-resistant virus which has evolved to use a new entry route that is partially pH and clathrin independent. Characterization of this mutant led to the identification of two mutations in envelope proteins, the Y297H mutation in E1 and the I399T mutation in hypervariable region 1 (HVR1) of E2, which confer resistance to monensin and thus allow HCV to use a pH-independent entry route. Interestingly, the I399T mutation introduces an N-glycosylation site within HVR1 and increases the density of virions and their sensitivity to neutralization with anti-apolipoprotein E (anti-ApoE) antibodies, suggesting that this mutation likely induces conformational changes in HVR1 that in turn modulate the association with ApoE. Strikingly, the I399T mutation dramatically reduces HCV cell-to-cell spread. In summary, we identified a mutation in HVR1 that overcomes the vesicular pH dependence, modifies the biophysical properties of particles, and drastically reduces cellto-cell transmission, indicating that the regulation by HVR1 of particle association with ApoE might control the pH dependence of cell-free and cell-to-cell transmission. Thus, HVR1 and ApoE are critical regulators of HCV propagation.
H
epatitis C virus (HCV) infection is a global public health problem affecting over 130 million individuals worldwide. Chronic HCV infection can result in liver cirrhosis and hepatocellular carcinoma (1) . While previous interferon (IFN)-based therapies have been limited by drug resistance and marked toxicity (2) , the recently clinically licensed direct-acting antivirals are expected to cure the large majority of infected patients without major adverse effects (3) . Nevertheless, several challenges remain: high costs limit access to therapy even in high-resource settings, and certain subgroups of difficult-to-treat patients may need adjunctive therapeutic approaches (4) . Furthermore, a vaccine is not available, and vaccine development is hampered by viral evasion of host immune responses (5) .
HCV is a small, enveloped, single-stranded RNA virus that belongs to the Hepacivirus genus in the Flaviviridae family (6) . This virus, which circulates in the bloodstream of infected patients as lipoviral particles, mainly targets hepatocytes. Infection begins with the attachment of viral particles to the cell surface of the hepatocytes through attachment factors and then proceeds to a complex multistep process involving a series of specific cellular entry factors (reviewed in reference 7). These molecules include scavenger receptor class B type I (SRB1) (8) , the tetraspanin CD81 (9) , the tight junction proteins claudin-1 (CLDN1) (10) and occludin (OCLN) (11) , and the receptor tyrosine kinases epidermal growth factor receptor (EGFR) and ephrin receptor A2 (EphA2) (12) . More recently, the Niemann-Pick C1-like 1 (NPC1L1) cho-lesterol absorption receptor and the iron uptake receptor transferrin receptor 1 (TfR1) were also shown to play a role in HCV entry (13, 14) . The interaction of HCV particles through their associated apolipoproteins and envelope proteins (E1 and E2) with the different entry factors leads to the internalization of particles via a clathrin-mediated endocytosis (15, 16) followed by fusion at low pH with the membrane of an early endosome (17, 18) . Although in the last few years the use of pseudotyped viruses (HCVpp) (18, 19) and infectious cell culture-produced particles (HCVcc) (20) (21) (22) has greatly advanced the knowledge of the HCV life cycle, the exact sequence of events leading from HCV interaction with host factors at the plasma membrane to internalization and viral fusion still remains elusive. In particular, cellular and viral actors involved in the fusion of cellular and viral membranes remain to be identified.
Besides transmission by circulating particles, referred to as cellfree infection, HCV particles can be transmitted directly into neighboring cells through so-called cell-to-cell transmission. This route of transmission was first suggested when infected cell foci were seen in infected human livers by RNA imaging analysis (23) and was recently confirmed using a similar approach (24) . Later, it was shown that HCV can be transmitted to neighboring cells in the presence of monoclonal antibodies (MAbs) or patient-derived antibodies that are able to neutralize cell-free infectivity (25) (26) (27) . Recently, it was proposed that exosomes from HCV-infected cells are capable of transmitting infection to naive human hepatoma cells (28, 29) . Although several entry factors have been implicated in this process, the viral determinants, entry factor requirements, and molecular mechanisms involved in the cell-to-cell transmission route still need to be characterized further.
In our study, we used monensin A to evaluate its antiviral potential against HCV and to gain new insights into the understanding of HCV transmission. Monensin is a well-known polyether antibiotic whose structure has been described (30) and which was isolated from Streptomyces cinnamonensis (31) . It specifically exchanges Na ϩ for H ϩ , resulting in an elevated cytosolic Ca 2ϩ concentration and pH (32) . Monensin is used extensively in the beef and dairy industries to prevent coccidiosis, enhance growth, or prevent bloat (33) (34) (35) (36) . Monensin also has antiviral effects on different viruses, such as human immunodeficiency virus (HIV) (37, 38) , simian virus 40 (SV40) (39) , and herpes simplex virus (HSV) (40) .
We showed that monensin efficiently inhibits cell-free and cellto-cell transmissions of HCV. Monensin induced an alkalization of intracellular organelles, probably leading to an inhibition of the fusion between viral and cellular membranes, indicating that both cell-free and cell-to-cell transmission pathways require a fusion step in acidic compartments. Interestingly, an HCV strain (FL-8) resistant to monensin but also to chloroquine (CQ) and chlorpromazine was selected by sequential passages in the presence of monensin. Characterization of the FL-8 mutant showed that resistance to monensin was conferred by two mutations in envelope proteins, i.e., the Y297H mutation in E1 and the I399T mutation in hypervariable region 1 (HVR1) of E2, which allow HCV to use an entry route that is less dependent on the acidic vesicular pH. We further characterized these two mutations and showed that they likely induce conformational changes in E2, increase the density of particles, and increase virus sensitivity to neutralization by anti-apolipoprotein E (anti-ApoE) antibodies. Most importantly, the I399T mutation dramatically reduces cell-to-cell transmission, indicating that we describe for the first time a mutant specifically defective in this transmission route.
MATERIALS AND METHODS
Chemicals and cell culture. Dulbecco's modified Eagle's medium (DMEM), Opti-MEM, phosphate-buffered saline (PBS), Glutamax-I, nonessential amino acids (NEAA), goat serum, and fetal bovine serum (FBS) were purchased from Invitrogen. 4=6-Diamidino-2-phenylindole (DAPI) and 5-chloromethylfluorescein diacetate (CMFDA) were purchased from Molecular Probes (Invitrogen). Monensin and Mowiol 3-88 were purchased from Calbiochem. Monensin was resuspended in ethanol at 100 mM. Boceprevir was kindly provided by Philippe Halfon (Hôpital Ambroise Paré, Marseille, France). Chlorpromazine was purchased from Alexis. Dimethyl sulfoxide (DMSO), bafilomycin A1, brefeldin A, and chloroquine were obtained from Sigma.
Huh-7 cells were described previously (41) . Huh-7-Lunet-CD81-FLuc-BLR cells (42) were kindly provided by T. Pietschmann (Twincore, Hannover, Germany). HEp-2 cells were obtained from BioWhittaker. 786-O cells were kindly provided by Mariana Varna (Hôpital St. Louis, Paris, France).
Antibodies. Mouse anti-HCV E1 (A4) (43) and anti-yellow fever virus (YFV) envelope (2D12; ATCC CRL-1689) (44) monoclonal antibodies (MAbs) were produced in vitro by using a MiniPerm apparatus (Heraeus) as recommended by the manufacturer. The 3/11 (anti-HCV E2) (45) hybridoma was kindly provided by J. McKeating (University of Birmingham, United Kingdom). An anti-CD81 MAb (5A6) (46) was kindly provided by S. Levy (Stanford University). An anti-CD151 MAb (TS151) (47) was kindly provided by E. Rubinstein (Inserm, Villejuif, France). The anti-CLDN1 (OM 8A9-A3) MAb has been described previously (48) . The AR3A and AR5A MAbs (anti-E2 and anti-E1E2, respectively) were kindly provided by M. Law (The Scripps Research Institute, La Jolla, CA) (49) . Anti-SRB1 (ClaI) and anti-CD81 (JS81) MAbs were obtained from BD Biosciences Pharmingen. Anti-EGFR (cocktail R19/48), anti-OCLN (ZMD481), and anti-beta-tubulin were purchased from Invitrogen. The polyclonal goat anti-ApoE (AB947) antibody was obtained from Millipore. The anti-NS5 (clone 2F6/G11) MAb was obtained from Austral Biologicals. Secondary antibodies were obtained from Jackson ImmunoResearch (West Grove, PA).
HCVcc and infection assays. To produce HCVcc, we used a modified version of a plasmid carrying the JFH1 genome (genotype 2a; GenBank accession number AB237837), kindly provided by T. Wakita (National Institute of Infectious Diseases, Tokyo, Japan) (20) . Huh-7 cells were electroporated with in vitro-transcribed RNA of JFH1, containing (HCVcc-Luc) or not containing (HCVcc or JFH1) the Gaussia luciferase reporter gene, or with the JFH1-⌬HVR1 construct (50) and engineered to express the A4 epitope (51) and titer-enhancing mutations (52) . JFH1 stocks were produced by further amplification in Huh-7 cells. The intergenotypic HCVcc chimeras GT3a(S52)/JFH1 and GT5a(SA13)/JFH1, kindly provided by J. Bukh (University of Copenhagen, Denmark) (53), were also used in this work.
For infection assays, HCVcc were added to Huh-7 cells (multiplicity of infection [MOI] ϭ 1) seeded the day before in 24-well or 96-well plates and incubated for 2 h at 37°C. The supernatants were then removed, and the cells were incubated in DMEM with 10% FBS at 37°C. At 24, 30, or 48 h postinfection, Renilla/Gaussia luciferase assays were performed as indicated by the manufacturer (Promega), or infection levels were detected by indirect immunofluorescence.
HCVpp and infection assays. HCVpp were produced as described previously (19, 54) , using plasmids kindly provided by B. Bartosch and F. L. Cosset (Lyon, France). Plasmids encoding HCV envelope glycoproteins of genotypes 1b (UKN1B-5.23), 2b (UKN2B-1.1), and 4a (UKN4-11.1) were kindly provided by J. Ball (Nottingham University, United Kingdom) (55) . The genotype 1a plasmid (strain H) has been described previously (19) , and the genotype 2a plasmid (strain JFH1) was kindly provided by R. Bartenschlager (University of Heidelberg, Germany). A plasmid encoding the feline endogenous virus RD114 glycoprotein (56) was used for the production of RD114pp. Pseudotyped particles were inoculated onto Huh-7 cells for 2 h at 37°C. At 24, 48, or 72 h postinfection, firefly luciferase (FLuc) assays were performed as indicated by the manufacturer (Promega).
Other viruses. We used the YFV strain 17D and a Sindbis virus expressing firefly luciferase (SinV; Toto1101/Luc [57] ), kindly provided by M. MacDonald, Rockefeller University, NY. A recombinant adenovirus expressing green fluorescent protein (AdV) was produced as described previously (51) . These viruses were inoculated onto Huh-7 cells for 2 h at 37°C and cultured for 24 h at 37°C. YFV infections were scored by indirect immunofluorescence, and SinV and AdV infections were scored by luminometry and flow cytometry, respectively.
The diabetogenic coxsackievirus B4 (CVB4) E2 strain (provided by J.-W. Yoon, J. McFarlane Diabetes Research Center, Calgary, Alberta, Canada) was produced in HEp-2 cells as described previously (58) . CVB4 infections were scored by evaluating the cytopathic effect at 48 h postinfection. It has to be noted that no cytotoxicity of HEp-2 cells was induced by monensin at 0.1 M or 1 M.
Indirect immunofluorescence microscopy. Cells grown on glass coverslips or in 96-well plates were infected and processed for immunofluorescence detection of the E1 envelope protein with the A4 MAb, as previously described (59) . Cells were observed with a Zeiss Axiophot microscope equipped with a 10ϫ, 0.5-numerical-aperture objective. Fluorescence signals were collected with a Coolsnap ES camera (Photometrix), using specific fluorescence excitation and emission filters. For quantification, images of randomly picked areas from each coverslip or well were recorded and processed using ImageJ software. Cells labeled with anti-E1 MAb A4 were counted as infected cells. The total number of cells was obtained by counting DAPI-labeled nuclei. The infections were scored by determining the ratio of infected cells to total cells. Viability assay. Cells were grown in 96-well plates and treated with increasing concentrations of monensin diluted in culture medium. The day after, an MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2H-tetrazolium]-based viability assay was done as recommended by the manufacturer (CellTiter 96 aqueous nonradioactive cell proliferation assay; Promega).
Entry assay. Cells seeded in 24-well plates were infected with HCVccLuc for 1 h at 4°C (attachment/binding period). Virus was removed, and the cells were washed with serum-free medium and incubated again for 1 h at 4°C (postattachment/binding period). The cells were then washed and incubated for 1 h at 37°C (endocytosis/fusion period). Finally, the cells were washed and incubated in 10% FBS-containing culture medium for 21 h. Infection levels were monitored by measuring luciferase activities.
Replication assay. To specifically assay HCV RNA replication efficiency, Huh-7-Lunet-CD81-FLuc cells were electroporated with a JFH1-Rluc RNA deleted for the HCV envelope glycoprotein sequence (JFH1-⌬E1E2-RLuc RNA) in Opti-MEM, using a Gene Pulser apparatus (Bio-Rad). Cells were next seeded in complete medium for 5 h at 37°C. Monensin (0.1 M or 1 M) or boceprevir (0.5 M) was added to the cells. Cells grown in the presence of ethanol and DMSO were used as controls for monensin and boceprevir, respectively. At 24, 48, and 72 h postelectroporation, cells were lysed and tested for replication by using a luciferase-based assay (dual-luciferase assay; Promega). Firefly luciferase activities were quantified to assess cell density and viability, whereas Renilla luciferase activities were quantified to assess HCV replication.
Assembly assay. To test the ability of cells to assemble and produce infectious HCV particles, Huh-7 cells seeded onto 6-well plates were infected with HCVcc for 2 h at 37°C. The virus was then removed and cells cultured with monensin (0.1 M or 1 M). In parallel, HCV-infected Huh-7 cells were treated with brefeldin A (BFA; 0.1 M or 1 M) for 8 h before harvest. Thirty hours later, supernatants were collected, and infectivity titers were determined by indirect immunofluorescence assay.
Flow cytometry. For CD81, SRB1, CLDN1, CD151, and EGFR staining, cells were cultured with or without monensin and labeled with TS81, ClaI, 8A9, TS151, and anti-EGFR antibodies, respectively, for 1 h at 4°C. Cells were washed and incubated for 45 min at 4°C with phycoerythrin (PE)-labeled secondary antibodies, rinsed again, and fixed with formalin solution. Labeled cells were analyzed using a BD FACSCalibur cytometer.
Detection of OCLN. Huh-7 and 786-O cells were cultured with or without monensin and lysed in PBS containing 1% Triton X-100 and protease inhibitors (Complete; Roche Applied Science). Twenty-four hours later, nonreducing Laemmli buffer was added, and lysates were resolved by SDS-PAGE, transferred to a nitrocellulose membrane (GE Healthcare), and immunoblotted with anti-OCLN antibody followed by peroxidase-conjugated secondary antibody.
Colocalization of CD81 and CLDN1. Colocalization analyses were carried out using CoLocalizer Pro software. Briefly, images representing a single optical z-section of cells were converted to tiff files and imported into CoLocalizer Pro software. Background corrections were applied, and the total number of pixels overlapping the two different channels was calculated. The number of colocalized pixels was divided by the total number of pixels for a chosen channel (as indicated in the figure legends), yielding the percent colocalization. Colocalization values for at least 10 cells were averaged to give the mean percent colocalization.
Monensin/interferon assay. Huh-7 cells seeded into 24-well plates were incubated for 2 h at 37°C in medium containing monensin (0.04 M), interferon (1 U/ml), or both. Cells were then infected for 2 h at 37°C with HCVcc-Luc in the presence of the drugs. After infection, cells were incubated again in complete medium supplemented with monensin, interferon, or both drugs. At 24 h postinfection, cells were lysed and luciferase activities were quantified.
AO staining. Huh-7 cells seeded in Lab-Tek wells were either left untreated or treated for 2 h or 24 h with medium containing monensin (0.1 or 1 M) or bafilomycin A1 (25 nM). Cells were then incubated for 20 min at 37°C with complete medium supplemented with 5 g/ml acridine orange (AO), and stains were analyzed immediately by confocal microscopy. Quantification were performed with ImageJ software. The threshold of each field was adjusted to the same level. To calculate the arbitrary units of AO staining, the number of particles of Ͼ0.1 m 2 was divided by the number of nuclei in each field.
Cell-to-cell transmission assay. Huh-7 cells were seeded on coverslips and infected with HCVcc (JFH1 or mutants) for 2 h at 37°C. Cells were then washed and cultured for 72 h at 37°C in culture medium containing or not containing the 3/11 MAb (50 g/ml) in the presence or absence of monensin (0.1 M) or chloroquine (1.75 M). Cells were then fixed with formalin solution (4% formaldehyde; Sigma), and foci were detected using an indirect immunofluorescence assay.
In another approach, Huh-7 cells were infected with HCVcc (JFH1 or mutants) 24 h to 72 h prior to their use in the assay. Infected cells were then labeled for 30 min at 37°C with 10 M CMFDA in medium without FBS. Cells were trypsinized, washed, and incubated for 15 min with the 3/11 MAb (50 g/ml) to neutralize any remaining viral particles at the cell surface. After washing, CMFDA-labeled donor cells were mixed with naive Huh-7 cells (at ratios of 1:4 and 1:6) and seeded in 24-well plates in the presence (cell-to-cell transmission assay) or absence (cell-free and cell-tocell transmission assays) of neutralizing MAb (3/11; 50 g/ml). Cocultures were then incubated for either 24 h or 44 h at 37°C (as indicated in the figure legends). For 44-h incubations, the 3/11 MAb (50 g/ml) was again added to the cell-to-cell transmission wells 24 h after mixing cells. De novo transmission events were determined by staining for HCV NS5 and were quantified by flow cytometry. Cell-to-cell transmission levels were defined by determining the numbers of newly infected cells in the presence of neutralizing MAb.
As controls, we harvested the supernatants of cell-to-cell transmission wells (containing the 3/11 MAb) and used them to infect naive Huh-7 cells. In contrast to supernatants of total transmission wells (wells with no antibody), which led to productive infection, the supernatants of cell-to-cell transmission wells were not infectious, demonstrating that our antibody conditions were sufficient to fully block cell-free transmission. Cocultures and reinfections were also performed with AR3A (1 g/ml) as a neutralizing antibody, and these showed the same results (data not shown).
Selection of monensin-resistant viruses. Supernatants of JFH1-infected cells were serially passaged with increasing concentrations of monensin (from 15 nM to 600 nM). The structural region of the HCV genome was amplified by reverse transcription-PCR (RT-PCR) and reintroduced into the JFH1 plasmid by using the AgeI/KpnI restriction enzymes. Several DNA clones were selected, amplified, and sequenced. Amino acid changes that arose during inhibitor selection were identified by analysis of the DNA sequence and compared to the initial and control passages in the presence of ethanol. Plasmids were in vitro transcribed before electroporation into Huh-7 cells. Stocks of mutated viruses were generated as described above.
Mutants with resistance to monensin. The Y297H mutant has been described previously (60) . Mutant viruses carrying the I399T or Q409R mutation or a combination of both were generated by directed mutagenesis of the JFH1-encoding plasmid, using fusion PCR. PCR-amplified segments carrying these mutations were introduced into the plasmid encoding the JFH1 virus by using the KpnI/BsiwI restriction enzymes. Plasmids were in vitro transcribed before electroporation into Huh-7 cells. Viral stocks were generated as described above. Viral fitness. Huh-7 cells were electroporated with JFH1, FL-8, I399T mutant, or Y297H mutant in vitro-transcribed RNAs and then seeded into 6-well plates. Supernatants were collected 24, 48, 72, and 96 h after electroporation. At each time point, supernatants were used to quantify viral RNAs or to determine the viral titer. HCV RNAs were extracted with a QIAamp viral RNA minikit (Qiagen) used according to the manufacturer's instructions. HCV RNAs were quantified by a quantitative real-time PCR assay as described previously (61) . Specific infection was calculated as the relationship between the number of focus-forming infectious HCV particles and the amount of HCV RNA per milliliter of supernatant.
Neutralization assays. For neutralization assays with the AR3A, AR5A, 3/11, and JS81 antibodies, viruses were mixed with antibodies and immediately used for inoculation (MOI ϭ 0.05) of Huh-7 cells seeded the day before in 96-well plates. At 2 h postinoculation, complete medium was added to the cells. At 30 h postinfection, cells were fixed with methanol and processed for immunofluorescence assay to measure infectivity. For neutralization assay with anti-ApoE antibodies, viruses were incubated with the antibodies for 1 h at 37°C before inoculation onto Huh-7 cells and then were treated as described above.
Silencing experiments. Huh-7 cells were transfected with small interfering RNA (siRNA) pools (Dharmacon) targeting CD81 or SRB1 or with a nontargeting siRNA control by using RNAiMax (Invitrogen) according to the manufacturer's instructions. The knockdown effects were determined 72 h after transfection by Western blotting (WB) at the time of of monensin added to the medium 2 h before infection, 2 h during infection, and full time after infection. After 24 h of infection, cells were lysed and luciferase activity quantified. (B) Monensin toxicity was assayed on Huh-7 cells. Cells were cultured with increasing concentrations of monensin for 2 or 24 h, and viability was tested using an MTS-based viability assay. (C) To assess the IC 50 of monensin on HCV infection, Huh-7 cells were pretreated with monensin 2 h before, 2 h during, and full time after infection with HCVcc-Luc. Cell lysates were analyzed for luciferase activity at 24 h postinfection. (D) Cells were incubated for 2 h at 37°C in medium containing monensin (0.04 M), interferon (1 U/ml), or both. Cells were then infected for 2 h at 37°C with HCVcc-Luc in the presence of the drug(s). After infection, cells were incubated again in complete medium supplemented with monensin, interferon, or both together. At 24 h postinfection, cells were lysed and luciferase activity was quantified. Results are presented as means Ϯ standard deviations (SD) for at least three independent experiments. **, P Ͻ 0.01; ***, P Ͻ 0.001. virus inoculation. The effects of receptor silencing on virus infection were determined 30 h later, by indirect immunofluorescence assay.
Density gradients. One milliliter of supernatant containing virus was layered on top of a 10 to 50% continuous iodixanol gradient (Optiprep; Proteogenix). Gradients were ultracentrifuged for 16 h at 160,000 ϫ g at 4°C in an SW41 rotor. Twelve fractions of 1 ml each were collected. Densities and infectious titers were determined for each fraction.
RESULTS

Monensin inhibits HCV infection.
To investigate a potential inhibitory effect of monensin on HCV infectivity, we first studied the capacity of JFH1-based Gaussia luciferase (GLuc) reporter HCVcc (HCVcc-Luc) to infect Huh-7 cells in the presence of increasing amounts of monensin. As shown in Fig. 1A , infection levels decreased in a dose-dependent manner in the presence of monensin, indicating that monensin inhibits HCVcc infection. Although some toxicity began to be observed at 10 M, the concentrations of 0.1 and 1 M had no toxic effect as measured by an MTS assay (Fig. 1B) . We therefore used the 0.1 and 1 M concentrations of monensin in our next experiments. The inhibition of HCV infection in monensin-treated cells was confirmed with an untagged JFH1 virus (data not shown). However, due to greater technical ease, HCVcc-Luc was used in most of the other experiments. Importantly, monensin was active at nanomolar concentrations, since the half-maximal inhibitory concentration (IC 50 ) was estimated to be 25 to 45 nM (Fig. 1C) . In addition, the combination of monensin and IFN, a known HCV inhibitor, led to an additive effect of inhibition of HCV infection (Fig. 1D) .
Monensin inhibits HCV entry. To define which step of the HCV life cycle is inhibited by monensin, the drug was added for 2 h at different time points before, during, and after inoculation of Huh-7 cells with HCVcc-Luc ( Fig. 2A, lanes b to d) , or it was added full time after inoculation (Fig. 2A , lane e), as previously described (51, 62) . Cells treated with ethanol (CTL) and cells treated with monensin before, during, and after infection (lane a) were used as controls. The results clearly showed that monensin significantly inhibited HCVcc infection when the drug was present during virus infection (Fig. 2A, lane c) . There was no significant effect of the drug if it was added as a pretreatment of cells ( Fig.  2A, lane b) or postinfection ( Fig. 2A, lanes d and e) . These results indicate that monensin likely inhibits the entry step of HCV. To confirm this hypothesis, we used the same experimental conditions with retroviral particles pseudotyped with HCV envelope glycoproteins (HCVpp2a) or with the envelope protein of the ret- To avoid the nonspecific effect of monensin on the postentry step of pseudoparticles, monensin was added only for 2 h during inoculation of pseudoparticles or chimeras, as described for panel B, lane c. Cells were then cultured for 72 h at 37°C. (D) Huh-7 cells were infected with intergenotypic chimeras harboring envelope glycoproteins of genotypes 3a or 5a, in the presence (as described for panel B, lane a) or absence of 1 M monensin. Cells were then cultured for 30 h at 37°C. For panels A to C, infection levels were quantified by luminometry, whereas for panel D, infection levels were quantified by flow cytometry. Results are presented as means and SD for three independent experiments. *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001. rovirus RD114 (RD114pp), as a control (Fig. 2B ). HCVpp2a infectivity was reduced 80% when monensin was present during infection (Fig. 2B, lane c) . A slight decrease in HCVpp2a infection was observed under condition b, likely due to some residual monensin acting on the entry step (Fig. 2B, lane b) . Similarly, the slight decrease observed under condition d was likely related to monensin acting on the entry of residual virions that had not yet completed the final steps of the entry process (Fig. 2B, lane d) . When cells were incubated full time with monensin (Fig. 2B, lane  a) or full time after inoculation of viruses (Fig. 2B, lane e) , a significant decrease was measured for both pseudotypes, indicating that a postentry step of pseudoparticle infection was blocked by monensin. It has to be noted that HCVpp2a infection was more strongly inhibited than RD114pp infection when monensin was present full time during infection (Fig. 2B, lane a) . Moreover, no inhibition was found when monensin was added after inoculation of HCVcc ( Fig. 2A, lanes d and e) . Altogether, our results indicate that monensin inhibits the entry step of HCV. We next investigated whether monensin has an antiviral activity on HCVpp bearing envelope glycoproteins from other genotypes. As shown in Fig.  2C , monensin significantly inhibited infection by HCVpp harboring envelope proteins from genotypes 1a, 1b, 2a, 2b, 4a, and 6a. Due to technical issues in producing HCVpp bearing envelope proteins from genotypes 3a and 5a, we next generated intergenotypic HCVcc chimeras, bearing the envelope glycoproteins from these two genotypes (Fig. 2D) , that also showed great sensitivity to monensin. Together, our data indicate that monensin inhibits HCV entry in a genotype-independent manner.
Monensin does not inhibit HCV replication and egress. Although the above data indicate that monensin strongly affects HCV entry, we could not exclude additional effects on other steps of the HCV life cycle. To analyze the effect of monensin on HCV replication, we used Lunet-CD81 cells, a Huh-7-derived cell clone expressing the firefly luciferase enzyme (FLuc), thus permitting assessments of cell density and viability, which are proportional to the level of FLuc expressed in the cells (42) . Lunet-CD81-FLuc cells were electroporated with in vitro-transcribed assembly-defective JFH1-⌬E1E2-Rluc RNA to bypass the entry step and avoid any interference with late steps of the HCV life cycle. Boceprevir was used in parallel as a control of inhibition of viral replication. As shown in Fig. 3A , monensin had no effect on HCV replication, even after a long period of treatment (at 72 h postelectroporation).
To investigate whether monensin impairs HCV assembly or secretion, Huh-7 cells were infected with HCVcc for 2 h and then cultured with 0.1 or 1 M monensin. Brefeldin A (BFA) was used in parallel as a control of inhibition of HCV release. Thirty hours later, supernatants were collected and infectivity titers determined by indirect immunofluorescence assay. As shown in Fig. 3B , monensin had no effect on HCVcc infectious titers, indicating that this molecule does not affect egress of HCV.
Monensin does not act on viral particles. Since we showed that monensin blocks the entry step of HCV, we next wondered whether monensin would act directly on viral particles. For this purpose, HCVcc were preincubated with 1 M monensin before contact with target cells and then diluted to 0.1 M monensin during viral inoculation. Under these experimental conditions, if monensin acts directly on virions, it should have a stronger inhibitory effect on infection, or at least the same as that observed with the same concentration (1 M) during the inoculation, without preincubation, as shown in Fig. 2A . Otherwise, no inhibitory effect should be observed, because the presence of 0.1 M monensin during viral inoculation does not significantly inhibit HCV infection (Fig. 4A 5 , 0.1 CTL lane, and data not shown). As shown in Fig.  4A , preincubation of virus with 1 M monensin did not significantly affect HCV infection, demonstrating that monensin does not act on HCV particles.
Monensin does not modulate HCV entry factor expression and localization. HCV entry is a multistep process involving sev- Firefly luciferase activities were quantified to assess cell density and viability, and Renilla luciferase activities were quantified to assess HCV replication. Renilla luciferase activities were normalized to firefly luciferase activities. (B) Huh-7 cells were infected with HCVcc. Two hours later, virus was removed and replaced by culture medium containing monensin at the indicated concentrations. In parallel, HCV-infected Huh-7 cells were treated with brefeldin A (BFA) for 8 h before harvest. Supernatants were collected at 36 h postinfection and used to infect naive Huh-7 cells. Titers were determined 40 h later by indirect immunofluorescence assay. ffu, focus-forming units. Results are presented as means and SD for three independent experiments. *, P Ͻ 0.05; **, P Ͻ 0.01. eral cellular attachment and entry factors. Therefore, we next determined whether monensin inhibits HCV entry by modulating the expression levels of the aforementioned cellular factors. Huh-7 cells were treated with 0.1 M or 1 M monensin for 24 h, and entry factors were analyzed by flow cytometry or Western blotting (WB). Cell surface expression levels of SRB1, CD81, CLDN1, and EGFR, for which antibodies against extracellular domains are available, were analyzed by flow cytometry. In contrast, OCLN, for which no such antibody is available, was analyzed by WB. CD151, another tetraspanin not involved in HCV entry, was used as a control. As shown in Fig. 4B , no significant effect of monensin on the expression levels of HCV entry factors was found, indicating that monensin does not block HCV entry by affecting HCV entry factor expression. Since it has been shown that CD81 and CLDN1 colocalize and interact in areas of the plasma membrane to form a complex that is essential to HCV entry (63, 64), we also performed colocalization studies as previously described (65) . As shown in Fig. 4C , treatment of Huh-7 cells with different concentrations of monensin did not affect the colocalization of CD81 with CLDN1.
Monensin inhibits a late step of HCV entry. After attachment to the cell surface and binding to entry factors, HCV virions are internalized by clathrin-mediated endocytosis (15, 16) . Following internalization, HCV is transported to early endosomes along actin stress fibers, where fusion seems to take place (16, 66) . To determine at which step HCV entry is impaired by monensin, we administered monensin at different intervals during the early phase of infection. Virus attachment and binding were performed at 4°C (Fig. 5A, steps 1 and 2) , and cells were then shifted to 37°C to allow endocytosis and fusion (Fig. 5A, step 3) . Strikingly, the addition of monensin during the third step led to a strong inhibition of HCV infection, which was almost as strong as that observed when monensin was present during all three steps. In contrast, no inhibition was observed when monensin was added during the attachment/binding steps. Together, these results indicate that monensin blocks either the endocytosis or fusion step of HCV entry.
Next, in order to define its activity spectrum and better understand the mechanism of action of monensin, we analyzed its antiviral activity against other viruses. We used yellow fever virus (YFV), another member of the Flaviviridae family, and Sindbis virus (SinV), which is unrelated to HCV but is an enveloped virus believed to exploit the same entry route as that used by HCV. In (OCLN) and compared to the level in 786-O cells, which have been described to express low levels of OCLN. The expression of tubulin was also analyzed to control the protein amounts. The results shown in the histograms in panels A and B are presented as means and SD for three independent experiments. (C) Huh-7 cells were cultured with the indicated concentrations of monensin and fixed after 24 h. Cells were labeled with the TS81 anti-CD81 and 8A9 anti-CLDN1 MAbs followed by secondary antibodies conjugated with Alexa 488 (green staining) and Alexa 555 (red staining), respectively. Colocalization was calculated as the number of yellow pixels (green and red pixels) over the number of yellow and red pixels, using CoLocalizer Pro software. addition, we used human adenovirus 5 (AdV), a nonenveloped, pH-independent virus (67) that enters cells via clathrin-mediated endocytosis, and coxsackievirus B4 (CVB4), a nonenveloped virus whose entry mechanism is not well defined but which is believed to be pH independent, partly involving clathrin-mediated endocytosis. For all infections, monensin at 0.1 M or 1 M was added 2 h before infection and kept during and after viral inoculation (Fig. 5B) . Interestingly, monensin led to a strong inhibition of YFV infection at both concentrations that was even stronger than that observed on HCV (Fig. 5B) . Moreover, monensin at 0.1 M barely reduced SinV infection, whereas monensin at 1 M abrogated SinV infection. On the other hand, no reduction of AdV and CVB4 infections was observed (Fig. 5B) .
Collectively, these results indicate that (i) monensin can affect other members of the Flaviviridae family and other enveloped viruses, (ii) monensin does not interfere with nonenveloped virus infection, (iii) monensin does not substantially affect clathrinmediated viral endocytosis, and (iv) the antiviral activity of monensin is likely related to its effect on membrane fusion by acting on endosome acidification.
To confirm the last claim, we next analyzed the effect of monensin on organelle acidification in Huh-7 cells. Acridine orange (AO) was used to test for acidic organelles. AO is a weakly basic fluorescent probe that emits green fluorescence at low concentrations and gives a red fluorescence at high concentrations. AO accumulates in acidic compartments, where it oligomerizes and fluoresces. In contrast, alkalization of the endocytic structure with bafilomycin A1 is accompanied by a change in AO fluorescence (68, 69) . Indeed, AO produced a highly punctate red staining in Huh-7 cells (Fig. 6A ) that we quantified by using arbitrary units grossly corresponding to acidic compartments stained with AO (Fig. 6B ). The addition of bafilomycin A1 for 2 h or 24 h led to a drastic decrease of red AO fluorescence ( Fig. 6A and B) . Interestingly, this effect was also observed in Huh-7 cells treated with monensin at 1 M for 2 h or 24 h, indicating that the treatment of Huh-7 cells with monensin leads to an alkalization of intracellular organelles. Therefore, the antiviral activity of monensin is likely related to its effect on organelle acidification.
HCV cell-to-cell transmission is a pH-dependent process. As described previously, in addition to cell-free infection, HCV can also propagate by cell-to-cell transmission. Since cell-to-cell transmission has been suggested to be an important route of transmission for HCV (25), we next analyzed the effect of monensin on this process. For this purpose, Huh-7 cells were infected with HCVcc for 2 h and then cultured with neutralizing anti-E2 antibody (3/11) in the presence or absence of monensin (0.1 M and 1 M). At 3 days postinfection, foci were visualized by immunofluorescence (Fig. 7A) , and sizes of foci were measured by counting the number of cells per focus. Our results showed that monensin at 0.1 M led to a strong reduction of the number of cells per focus (Fig. 7B) , whereas monensin at 1 M totally inhibited HCV transmission (data not shown). We next used another approach to analyze cell-to-cell transmission, as described previously (65) . Briefly, HCVcc-infected Huh-7 cells were labeled with 5-chloromethylfluorescein diacetate (CMFDA) and then mixed with naive Huh-7 cells and cultured in the presence of neutralizing MAb (3/11; 50 g/ml) and monensin (0.1 M and 1 M). Cocultures were incubated for 24 h, and cell-to-cell transmission levels were quantified by flow cytometry. It has to be noted that to avoid false-positive results in such an assay, it is beneficial to use short incubation times (24 to 48 h). As shown in Fig. 7C , monensin at 0.1 M and 1 M significantly inhibited HCV cell-to-cell transmission, indicating that this process is likely dependent on the vesicular pH. To strengthen our hypothesis, we next treated cells with chloroquine (CQ), a lysosomotropic weak base that inhibits acidification of lysosomes and endosomes. CQ is a widely used molecule for the treatment of malaria and exerts inhibitory effects against several RNA viruses, including HCV (15, 70, 71) . As shown in Fig. 7A and B, chloroquine also led to a large decrease of the number of cells per focus, indicating that it abrogates HCV cell-to-cell transmission. Together, these results indicate that HCV cell-to-cell transmission is a pH-dependent process. , and cultured in the presence of a saturating concentration of the 3/11 MAb (50 g/ml) and with monensin at the indicated concentrations. Cocultures were incubated for 24 h at 37°C and then stained for HCV NS5. Cell-tocell transmission levels were quantified by flow cytometry. ***, P Ͻ 0.001.
Selection of a monensin-resistant virus.
To further investigate the mechanism of action of monensin, we next aimed to select monensin-resistant viruses by propagating HCVcc for several passages in the presence of increasing concentrations of monensin (JFH1-Mon). Passages were performed in parallel with virus cultured in the presence of corresponding amounts of ethanol (JFH1-EtOH). After 25 passages, both viral stocks were used to infect naive Huh-7 cells in the presence of monensin during viral inoculation. Interestingly, viruses amplified in the presence of monensin (JFH1-Mon) were 2.5-fold more resistant to increasing concentrations of monensin than control viruses (JFH1-EtOH) (Fig.  8A) . Total RNAs were extracted from cells infected with JFH1-Mon or JFH1-EtOH, and viral genomes were amplified by RT-PCR and sequenced. We identified several mutations in the E1 and E2 JFH1-Mon sequences which were not found in the JFH1-EtOH or JFH1wt sequences. We next replaced the JFH1 DNA fragment corresponding to the structural HCV proteins with that of JFH1-Mon. Several JFH1-Mon DNA clones carrying different combina- tions of mutations in E1 and E2 were selected, in vitro transcribed, and electroporated into Huh-7 cells to generate viral clone stocks carrying different combinations of mutations. The analysis of their resistance toward monensin showed that one clone, named FL-8, was resistant to monensin compared to JFH1 (Fig. 8B) . Dose-response experiments (Fig. 8E) showed that the IC 50 s of monensin for the JFH1 and FL-8 viruses were 0.23 M and 0.43 M, respectively (Table 1) . Thus, our results suggested that we had generated HCV particles that were resistant to monensin and therefore less dependent on acidic pH for their entry. To confirm this assumption, we next assayed the capacity of the JFH1-Mon and FL-8 viruses to infect Huh-7 cells in the presence of CQ. As shown in Fig. 8C and D, the JFH1-Mon and FL-8 viruses were able to infect Huh-7 cells in the presence of increasing concentrations of CQ, whereas infection by control viruses (JFH1-EtOH and JFH1) was dramatically reduced. Dose-response experiments (Fig. 8E) showed that the IC 50 s of CQ for the JFH1 and FL-8 viruses were 1.9 M and 6 M, respectively (Table 1) . Together, these results indicate that we managed to select viruses that use an entry route that is less dependent on the acidic endosomal pH.
HCV enters target cells through clathrin-mediated endocytosis followed by fusion at low pH with the membrane of an early endosome (15) (16) (17) (18) . Since we generated HCV particles that were less pH dependent for their entry, we next studied whether their endocytosis was still dependent on clathrin-coated pits. Huh-7 cells were pretreated for 30 min with chlorpromazine (5 g/ml), an inhibitor of clathrin assembly at the plasma membrane, and then infected with the FL-8 or JFH1 virus (Fig. 8F) . Chlorpromazine dramatically reduced JFH1 infection levels, as previously described (15) . Surprisingly, the FL-8 virus was partially inhibited by chlorpromazine, indicating that a fraction of this virus can potentially enter cells independently of clathrin-mediated endocytosis.
Collectively, our results indicate that under the selective pressure of monensin, we selected HCV particles that had evolved to use a new entry route that appears to be less dependent on clathrin and endosomal pH.
Characterization of the Y297H and I399T mutations. The FL-8 clone displayed several mutations in envelope glycoproteins: two mutations in E1 and three mutations in HVR1 of E2 (Table 1) . The E1 Y297H mutation has previously been described for viruses cultivated in the presence of ferroquine but did not confer any resistance to this drug (60) . The E1 V343A mutation was on a nonconserved amino acid frequently found as an A in other genotypes. The E2 I399T mutation potentially introduced an N-glycosylation site in HVR1, the E2 S404G mutation was on a residue that is conserved among genotypes, and the E2 Q409R mutation was on a glutamine residue that is totally conserved among genotypes (Table 1) . We made the hypothesis that an adaptive mutation(s) involved in the partial pH independence of the FL-8 virus was likely to occur at a highly or totally conserved residue(s). Therefore, the Y297H mutation in E1 and the I399T and Q409R mutations in E2 were introduced into strain JFH1 by reverse genetics (Table 1) . However, introduction of the Q409R mutation alone or in combination with the I399T mutation led to the production of noninfectious viruses (Table 1) . Additional mutations are likely necessary to compensate for the effect of the Q409R mutation and to generate infectious particles. In contrast, Y297H and I399T mutants were infectious and showed a significant amount of resistance to monensin (Fig. 9A ) compared to that of the JFH1 virus. Indeed, the Y297H and I399T mutations were able to confer the same level of resistance to monensin as that of the FL-8 virus, which carries several adaptive mutations (Table 1) . Together, these results indicate that resistance to monensin maps to the E1 and E2 envelope proteins, at amino acids Y297 and I399, respectively. It is worth noting that FL-8 and Y297H and I399T mutant virus resistance to monensin was not due to differences in viral fitness and/or titers of mutants ( Fig. 9B and Table 1) .
As described previously, the I399T mutation generates an N-V-T sequon in HVR1 that might be used for the addition of an N-glycan on N397 (Fig. 9C) . Interestingly, the presence of this additional glycosylation site was confirmed by the change in the migration profile of E2 bearing the I399T mutation (Fig. 9C, FL-8 and I399T lanes) compared to that of wild-type E2 (Fig. 9C, JFH1  lane) .
Since mutations in envelope glycoproteins can affect the sensitivity of HCV to antibody neutralization and modulate the use of entry factors (72), we next tested the mutants in antibody neutralization assays. We first used AR3A and AR5A, two well-characterized human MAbs (73) , and the rat 3/11 MAb. AR3A is an anti-E2 conformation-sensitive human antibody recognizing a discontinuous epitope located within the CD81 binding site, whereas the AR5A MAb recognizes a discontinuous epitope on E1E2 which does not interfere with CD81 binding (49) . 3/11 is an antibody recognizing a linear epitope located within the CD81 binding region of E2 (18) . As shown in Fig. 10A , the I399T mutation reduced the sensitivity of the virus to neutralization with low concentra- tions of the AR3A and AR5A MAbs compared to that of JFH1, whereas the Y297H mutation had no effect. The FL-8 mutant virus was also less neutralized by the AR3A and AR5A MAbs, likely due to the presence of the I399T mutation in this virus. In contrast, the FL-8 and I399T viruses were more sensitive than JFH1 to neutralization with the 3/11 MAb, whereas the Y297H mutation had no significant effect. These results indicate that the I399T mutation likely induces some conformational changes in the E2 structure, possibly in the CD81 binding site. The use of an anti-CD81 MAb in the neutralization assay (Fig. 10A, JS81 graph) showed that the Y297H mutation likely also leads to conformational changes in the E2 structure, since neutralization of the Y297H virus was significantly reduced compared to that of the JFH1 virus. Unexpectedly, the FL-8 mutant carrying both mutations did not show any significant difference in neutralization with the JS81 MAb. Together, our results suggest that the interaction between E2 and CD81 might be different in the context of the I399T and Y297H mutations. However, CD81 remains an essential entry factor for viruses carrying these mutations, since the silencing of CD81 totally abrogated their infection (Fig. 10B) .
HVR1 is a region of E2 involved in viral immune escape and the use of SRB1 and CD81 (8, 74) . It also plays a role in virus infectivity by modulating the association of viral particles with apolipoproteins (50, (74) (75) (76) . In this context, we sought to determine if the I399T and Y297H mutations, which likely induce conformational changes in the E2 structure, would affect the usage of SRB1 and the association with apolipoproteins. We used a panel of anti-SRB1 antibodies in neutralization assays (data not shown), but we did not see any significant neutralization of infection. We next analyzed the effect of silencing SRB1 expression on the infectivity of mutated viruses. As shown in Fig. 10B , the infectivity of mutant viruses was reduced to the same level as that for JFH1, indicating that the I399T and Y297H mutations did not affect SRB1 usage. We next used an antibody directed against apolipoprotein E (ApoE) in the neutralization assay (Fig. 10C) . We used a polyclonal anti-ApoE antibody because previous studies on viruses lacking HVR1 (⌬HVR1) have shown that polyclonal anti-ApoE antibodies differently neutralize ⌬HVR1 viruses, while monoclonal anti-ApoE antibodies do not (50, 76, 77) . As shown in Fig.  10C , we found that neutralization of the I399T and FL-8 viruses was significantly increased compared to that of the JFH1 virus. These results indicate that, as described for ⌬HVR1 viruses (50, 76) , the I399T mutation might modulate the association of viral particles with ApoE. In agreement with this, the density of infectious viral particles bearing the I399T mutation, as analyzed by density gradient ultracentrifugation, was increased (Fig. 10D) , with a peak of infectivity at a density of 1.12 g/ml, compared to that of the JFH1 virus, which produces infectious particles with a density of 1.08 g/ml. Interestingly, the densities of infectious particles produced from the I399T, FL-8, and ⌬HVR1 viruses were strictly identical (1.12 g/ml), whereas the density of Y297H particles was slightly lower (1.11 g/ml). Together, these results indicate that the I399T mutation in HVR1 leads to the production of viral particles with a higher density.
The I399T mutation in HVR1 drastically reduces HCV cellto-cell transmission. We showed above that cell-to-cell transmission of HCV is likely a pH-dependent process. Therefore, we next sought to determine the levels of cell-to-cell transmission for the monensin-resistant viruses that are less dependent on acidic pH for their entry. First, Huh-7 cells were infected with the JFH1, FL-8, and I399T and Y297H mutant viruses for 2 h and then cultured in the presence of the anti-E2 neutralizing antibody 3/11. It has to be noted that even though we previously showed that the FL-8 and I399T viruses were more sensitive to neutralization with 3/11, the concentration of 3/11 (50 g/ml) used in our cell-to-cell assays totally abolished cell-free infection (Fig. 10A) . At 3 days postinfection, foci were visualized by immunofluorescence (Fig.  11A) , and sizes of foci were measured by counting the number of cells per focus. Surprisingly, we found that cell-to-cell transmission of viruses bearing the I399T mutation was dramatically reduced ( Fig. 11B) and that the transmission of the Y297H mutant was also reduced, but to a lesser extent. To confirm these results, we next made cocultures of differentially labeled infected donor and naive acceptor cells and evaluated cell-to-cell transmission in the presence of the neutralizing 3/11 MAb by flow cytometry (Fig.  11C) . As observed previously, the cell-to-cell transmission of the FL-8 and I399T viruses was highly reduced, indicating that the I399T mutation affects this transmission route. In contrast, we did not observe any effect of the Y297H mutation with this approach of cell-to-cell transmission analysis. It has to be noted that the use of the AR3A MAb as the neutralizing antibody led to the same results (data not shown), indicating that the effect of the I399T mutation on cell-to-cell propagation was not related to a differential susceptibility of viral particles to antibody neutralization.
Together, our data show that the I399T mutation, which likely introduces an N-glycan in HVR1, drastically reduces viral cell-tocell spread, indicating that HVR1 plays a major role in this process.
DISCUSSION
The aim of this study was to characterize the effects of monensin A on the HCV life cycle and to gain new insights into the understanding of HCV transmission. We showed that monensin inhibits HCV infection in a dose-dependent manner by blocking the entry step. Indeed, monensin leads to an alkalization of intracellular organelles in Huh-7 cells that affects a late step of entry, probably the fusion step between viral and cellular membranes, which is known to be pH dependent. In addition to the inhibition of cell-free transmission, monensin also inhibits cell-to-cell transmission, demonstrating for the first time that this process is dependent on the vesicular pH. Interestingly, by long-term culture of HCV in the presence of increasing concentrations of monensin, we selected viruses that were resistant to monensin but also to chloroquine and chlorpromazine. These adapted viruses evolved to use a new entry route that is probably less dependent on clathrin and the endosomal pH. We identified two mutations, Y297H in E1 and I399T in E2 HVR1, that enable HCV to use an entry route that is less dependent on the acidic endosomal pH. The characterization of monensin-resistant mutants showed that the Y297H and I399T mutations likely induce conformational changes in the E2 structure and modify the association of viral particles with lipoproteins. Most strikingly, we found that the I399T mutation in HVR1 dramatically reduces the cell-to-cell transmission pathway.
Due to monensin toxicity in humans (78, 79) , it will be difficult to use monensin as a new therapeutic treatment against HCV. However, as shown in this study, monensin is a valuable tool for analyzing the late steps of HCV entry, i.e., membrane fusion. In addition, due to a broad spectrum of biological activities, monensin derivatives are a major focus of drug development aiming at reducing the toxicity and obtaining new compounds with improved efficacy. In particular, certain derivatives of monensin, such as urethanes, seem promising (80) (81) (82) . Thus, it will be of interest to evaluate the anti-HCV activity of monensin derivatives in the future.
Enveloped viruses enter cells either by direct fusion at the plasma membrane or by receptor-mediated endocytosis. For a large number of retroviruses, penetration into the cytoplasm of the target cell occurs directly at the plasma membrane by a fusion mechanism triggered through the interaction of viral envelope proteins with their cognate receptors. In contrast, for numerous viruses, such as influenza virus and SinV, following attachment to receptors on the cell surface, the virus-receptor complex is internalized via clathrin-coated pits and delivered to intracellular vesicles of the endosomal compartment. In these vesicles, the acidic environment induces a conformational change in the viral fusogenic envelope glycoproteins, which is believed to expose a hydrophobic domain that interacts with the endosomal membrane. This interaction leads to the fusion between cellular and viral membranes, delivering the nucleocapsid into the cytosol. Such a mechanism is likely used by HCV. Indeed, it has been demonstrated that virions enter target cells by clathrin-mediated endocytosis (15) and that fusion occurs in the early endosomes (16) . The use of vacuolar acidification inhibitors (15) (16) (17) (18) (83) (84) (85) ; this study) showed that HCVcc and HCVpp entry is pH dependent, indicating that the acidic pH of endosomes triggers the fusion machinery, likely by inducing conformational changes in E1E2 envelope glycoproteins. However, exposure of cell surface-bound HCV to an acidic pH followed by a return to neutral pH does not affect viral infectivity (16, 17) . In addition, Tscherne et al. have shown that low-pH-triggered entry of HCVcc requires incubation at 37°C, indicating that productive HCV entry needs interactions/ processes that do not occur at 4°C (17) . These data indicate that HCV envelope proteins require a priming event, which occurs at 37°C, to become sensitive to low pH. Concurring with this, it has been shown that HCV pretreatment with the large extracellular loop (LEL) of CD81 enhances infectivity, induces conformational changes in E1 and E2, allows E2 binding to liposomes, irreversibly inactivates particles at low pH in the absence of a target membrane, and leads to the fusion with the plasma membrane of permissive cells at acidic pH, indicating that CD81 plays a central role in HCV entry by priming HCV for low-pH-dependent conformational changes (83) . In accordance with the studies described above, our results show that HCV entry is inhibited by monensin, a Na ϩ /H ϩ -exchanging ionophore that raises the cytosolic Ca 2ϩ concentration and the pH. Importantly, we demonstrated that monensin blocks HCV infection with maximal potency when added during the first hour of the shift to 37°C, after the 4°C postattachment/binding step. Almost complete insensitivity to monensin was achieved about 2 h after infection, indicating that almost all particles have undergone fusion and reached the cytosol at this time. The use of monensin on infections with viruses from different families indicated that monensin does not block internalization but rather acts on the fusion machinery, likely by inducing an alkalization of intracellular organelles, as demonstrated by AO staining. Importantly, we demonstrated that both monensin and chloroquine block the cell-to-cell transmission route of HCV, for which precise mechanisms need to be defined. Our data indicate that cell-free and cell-to-cell transmission of HCV may share common mechanisms involving a pH-dependent fusion step between cellular and viral membranes. Until now, the mechanism mediating HCV fusion has not been elucidated, and the precise role in membrane fusion played by E1E2 envelope proteins needs to be defined. It has been suggested that the fusion mechanism occurring for other viruses of the Flaviviridae may apply to HCV. The use of vacuolar acidification inhibitors (15-18, 83-85; this study) showed that HCVcc and HCVpp entry is pH dependent, thus allowing HCV RNA delivery into the cytoplasm, supporting the hypothesis of similar fusion mechanisms between HCV and other Flaviviridae viruses. Indeed, the HCV envelope glycoproteins have long been assumed to belong to class II fusion proteins, based on the fact that HCV is a member of the Flaviviridae family. In addition, some amino acids in E1 (residues 262 to 290) and E2 (residues 416 to 430, 504 to 522, and 604 to 624) were identified as being important for fusion (86, 87) . However, the structure of the E2 core protein (excluding the HVR1) was recently solved and showed that the E2 core has an architecture made of a central ␤ sandwich flanked by front and back layers consisting of loops, helices, and ␤ sheets. E2 has a compact globular shape that does not fit the highly extended three-domain class II fusion fold (88, 89) . These new data strongly suggest that E1 should be the fusion protein, or at least a fusion partner of an E1E2 fusion complex formed upon conformational rearrangements (87, 90) . The results of our study concur with this hypothesis. With the FL-8 mutant, we identified two residues, one in E1 and one in E2 HVR1, that, when mutated, led to a less pH-dependent entry route. The Y297H mutation in E1 did confer resistance to monensin, indicating that this residue by itself is able to modify the HCV entry process, or at least the pH requirements. Interestingly, this mutation also appeared following the use of ferroquine, an analog of chloroquine with weak base properties (91) that modifies the fusogenic properties of E1E2 (60) . Together, these observations suggest that the Y297 residue in E1 might be involved in the fusion process, possibly by acting in concert with other residues in E1 and/or E2. In concurrence with this, we identified an additional mutation in E2 HVR1 that also confers resistance to monensin. This mutation (I399T) generates an N-V-T sequon that is used for the addition of an N-glycan on N397 in HVR1. This additional posttranslational modification likely leads to conformational changes in HVR1 and/or other regions in E2. Thus, residues in E1 and in HVR1 of E2 likely play a role in the fusion process. HVR1 might therefore contribute to the E2 folding rearrangement that likely occurs during the fusion step. The Y297H and I399T mutations might induce conformational changes in an envelope protein(s) similar to those that occur in acidic compartments and thus allow entry in a less pH-dependent manner.
Interestingly, we found that the FL-8 mutant was also able to infect cells in the presence of chlorpromazine, indicating that this mutant likely uses an alternative entry route that is less dependent on vesicular pH and clathrin-coated pits. It has to be noted that a clathrin-independent but still pH-dependent entry route was described very recently (92) . Thus, under the selective pressure of monensin, we generated viral particles that adapted to the drug and managed to use a new entry route.
Beside its involvement in immune escape, HVR1 is involved in the use of SRB1 and conceals the viral CD81 binding site (8, 74) . In addition, HVR1 plays a role in virus infectivity (74, 75, 93) by modulating the association of viral particles with apolipoproteins, notably ApoE (76) . In our study, we showed that the Y297H mutation and, more significantly, the I399T mutation increase neutralization with anti-ApoE antibodies. These results indicate that the I399T mutation might reduce the incorporation levels of ApoE into particles; further studies would be necessary to test this hypothesis. Another possibility is that ApoE may display a different conformation and/or epitope exposure in the presence of the I399T mutation and therefore have a different sensitivity to antibodies, as described recently for Jc1 particles lacking HVR1 (76), but incorporating ApoE at similar levels in JFH1 and mutated viruses. In addition, we observed that the I399T mutation dramatically reduces cell-to-cell spread, a transmission pathway for which it has been shown that ApoE incorporated into particles plays a major role (94) . Combined with our observation that the I399T mutation reduces the pH dependence for viral entry, our results suggest that the association levels of lipids and ApoE with viral particles might regulate the pH-dependent fusion process during HCV entry. Further studies would be necessary to test this hypothesis.
In conclusion, the use of monensin allowed us to demonstrate that cell-free and cell-to-cell transmission pathways are both pH dependent, likely by sharing common mechanisms. We identified two monensin resistance mutations, Y297H in E1 and I399T in E2 at the indicated concentrations for 2 h in complete medium. Cells were then incubated for 30 h in complete medium. Infection levels were quantified by indirect immunofluorescence assay. Results are presented as means Ϯ SD for three independent experiments. *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001. (B) SRB1 and CD81 expression is downregulated by siRNA. A nontargeting siRNA was used as a control. The knockdown efficiency in Huh-7 cells was determined by Western blotting with anti-SRB1 and anti-CD81 antibodies 72 h after transfection. An anti-␤-tubulin antibody was used as a loading control. Cells were infected 72 h after transfection for 2 h in serum-free medium. Cells were then washed and incubated for 30 h in complete medium. Virus infectivity was measured by immunofluorescence assay. Results are presented as means and SD for three independent experiments. (C) Viruses were preincubated with a polyclonal anti-ApoE antibody at the indicated concentrations for 1 h at 37°C before inoculation of cells in the presence of the antibody. Cells were then incubated for 30 h in complete medium. Infection levels were quantified by indirect immunofluorescence assay. Results are presented as means Ϯ SD for three independent experiments. *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001. (D) One-milliliter supernatant samples containing viruses were layered on an iodixanol gradient and ultracentrifuged. Twelve fractions were collected, and their densities were measured. The JFH1-⌬HVR1 virus was used as a positive control for particles with an increased density. Fractions were titrated, and the result for each fraction is expressed as the percentage of the total virus infectivity in the gradient. Results are presented as means for three independent experiments. SD were omitted for clarity. HVR1, the latter of which leads to the addition of an N-glycan in HVR1. These mutations enable viruses to enter their target cells by an entry route that is less dependent on the acidic endosomal pH, likely through changes in the conformation of the E1E2 envelope proteins. Our results suggest that the I399T mutation in HVR1 likely decreases the association of particles with ApoE. Importantly, this mutation drastically reduces cell-to-cell transmission. Taken together, our results indicate that the regulation by HVR1 of particle association with lipids, notably ApoE, might control the pH dependence of cell-free and cell-to-cell transmission. Thus, HVR1 and ApoE incorporated into viral particles are critical regulators of HCV transmission.
